Objective: To identify the important sites of white matter disruption that underpin executive dysfunction in CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy), a genetic model of pure subcortical vascular disease. Methods: The anatomic pattern of correlation between tissue integrity and executive function was explored with diffusion tensor imaging (DTI), which provides quantitative measures of tissue integrity. Eighteen nondemented patients with CADASIL underwent DTI and cognitive assessment. DTI was normalized to a standard template and correlations assessed at every voxel across the brain with Statistical Parametric Mapping with cluster-level correction for multiple comparisons. Results: For executive tasks, correlations were found in a number of discrete regions in the white matter of the frontal lobes. A distinct, nonoverlapping pattern of correlation was seen for verbal memory. Significant independent correlations remained in some regions after co-varying for age and IQ. Conclusions: Different cognitive functions correlate with structural integrity at different sites in the white and subcortical gray matter. The distribution of regions correlating specifically with executive function provides clues to the organization of the relevant cognitive networks and their important white matter projections. The cingulum bundle is one candidate tract that may carry anteroposterior connections important for executive processes.
NEUROLOGY 2005;65: [1584] [1585] [1586] [1587] [1588] [1589] [1590] Vascular dementia is the second most common cause of dementia worldwide after Alzheimer disease (AD). Up to two-thirds of patients with vascular dementia that are recruited into clinical trials have extensive white matter lesions. 1 In these patients, small vessel cerebrovascular disease, characterized by narrowing of small arteries and arterioles arising on the pial surface of the brain and penetrating to supply the deep white matter, is the predominant pathology. In addition to those with frank dementia, a far larger number of patients with cerebral small vessel disease are likely to have more restricted deficits. The pattern of deficit in these patients is dominated by executive dysfunction. 2, 3 Executive function refers to those cognitive abilities by which we marshal and co-ordinate our cognitive resources to respond to complex tasks, optimizing performance when a number of separate cognitive processes are simultaneously at play. 4 Even in the absence of other deficits, executive dysfunction is a major cause of morbidity, dependence, and increased caregiver burden. 5, 6 Despite the importance of executive dysfunction in this patient group, the underlying mechanisms of this selective deficit remain obscure. Functional imaging studies have shown that executive tasks often involve a widely distributed network of cortical regions, 7 and one plausible mechanism for executive dysfunction in cerebral small vessel disease is damage to white matter projections, both corticocortical and corticosubcortical, that link these regions into functional networks specific for executive processes.
Diffusion tensor MRI (DTI) is a technique that offers new insights into the role of white matter tracts in cognitive processes. Images are generated that are sensitive to water diffusion within cerebral tissue. In coherent white matter tracts, diffusion is most restricted perpendicular to the direction of the fibers because of the presence of axonal membranes and myelin that act as barriers to diffusion. As these structures degenerate, water diffusivity averaged in all directions (mean diffusivity) increases, and the directionality of diffusion, measured by fractional anisotropy (FA), falls. 8 Previous DTI studies, both in CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy) 9,10 and sporadic small vessel disease, 11 have confirmed that correlations with cognitive function are far more powerful for DTI measures than for lesion volume on T2-weighted images.
Study of the mechanisms of cognitive deficits in sporadic small vessel disease is made difficult by the fact that patients may have other co-existent common pathology. For example, in some series, as many as one-third of patients with a diagnosis of vascular dementia are found to have concomitant Alzheimertype pathology, 12 and risk factors such as hypertension and diabetes mellitus are independently associated with cognitive disturbance. For some diseases, this problem can be avoided by adopting a rare, genetic form of the disease as a pure model of a common disease. This approach has been used successfully in AD 13 and Parkinson disease, where familial forms exist. Similarly, the genetic disease CADASIL is an ideal model for the common sporadic form of diffuse cerebral small vessel disease. A firm diagnosis of CADASIL can be reached by identifying typical pathogenic mutations within the Notch3 gene. 14 Patients with CADASIL are younger and so are far less likely to have co-morbid AD or other diseases that have an age-dependent incidence. The potential of CADASIL to act as a model has already been exploited to study the role of cholinergic denervation in "pure" vascular dementia. 15 Consistent with this argument, correlations between DTI and executive performance are much stronger for CADASIL than for sporadic small vessel disease. For example, the correlation coefficients between mean diffusivity of normal-appearing white matter and scores on Trail Making and Digit Symbol Tests were 0.67 and Ϫ0.62 for CADASIL 16 compared with values of 0.15 and Ϫ0.29 in a study of sporadic small vessel disease that adopted identical methodology. 11 Previous studies therefore support both the potential of CADASIL to act as a model for diffuse white matter disease and the role of DTI as a good technique to explore the consequences of damage to white matter tracts. The purpose of this study was to combine these approaches to improve our understanding of executive dysfunction in white matter disease. Correlations between executive function and white matter damage were examined systematically across the whole brain to determine the sites with the strongest correlations, which are likely to reflect the anatomy of the networks involved in executive function.
Methods. Subjects. Eighteen subjects with a diagnosis of CADASIL, confirmed by detection of pathogenic mutations resulting in gain or loss of a cysteine residue in the extracellular portion of the notch 3 protein, 14 were recruited. All were right-handed. No subject met diagnostic criteria for dementia. All had a Mini-Mental State Examination score of 27 or above (mean 29.2 Ϯ 1.0) and were either in the category of cognitive impairment/no dementia (CIND) or had no cognitive symptoms. Mean Ϯ SD age was 46.3 Ϯ 11.1 years. All of the CADASIL subjects underwent conventional MRI, DTI, and neuropsychological assessment.
Cognitive assessment. In all subjects, a cognitive battery was performed, which included a number of tests sensitive to components of executive function: 1) The Trail Making Test was included as a measure of cognitive set shifting and mental flexibility. 17 In part A of the test, the subject is asked to draw a line to join numbered points scattered randomly over a sheet of paper in numerical order. In part B of the test, the test sheet contains points marked by both numbers (1, 2, 3, . . .) and letters (A, B, C, . . .). The subject is asked to join the points with a line, alternating between numerical and alphabetical order (i.e., in the sequence 1, A, 2, B, . . .). Part B therefore differs from Part A in having an executive component but shares similar nonexecutive aspects (visual scanning of the paper and motor function in draw-ing joining lines). Theoretically, subtracting the time for Part A from that for Part B corrects for differences some of the nonexecutive aspects, so that this B -A score is considered more specific for executive performance. 2) Digit Span Backwards is a measure of working memory performance. Working memory refers to the ability to hold and manipulate information "on-line" for short periods during cognitive processing and is often included under the rubric of executive functioning. 4, 18 3) Digit Symbol is a measure that reflects both performance IQ and executive functioning. 19 Each digit 1 to 9 is ascribed a unique symbol, which the subject is presented in the form of a key. In this test, subjects are presented with a series of digits and are asked to fill in the corresponding symbols in a space below. Subjects are asked to fill in as many consecutive spaces as possible in 90 seconds. This test requires subjects to switch between rules for each digit and therefore requires mental flexibility and has parallels to other set-shifting tasks.
Memory performance was assessed with the Wechsler Memory Scale Paired Associate Learning subtest. 20 Full-scale IQ was estimated with the National Adult Reading Test-Revised.
A composite score (the first principal component) for executive dysfunction, the "executive function score," was generated with principal components analysis. Scores for Digit Span Backwards, Trail Making B-A, and Wechsler Adult Intelligence Scale-Revised Digit Symbol were incorporated into this composite measure.
MRI data acquisition. MRI was performed on a 1.5 T GE Signa MR scanner (Milwaukee, WI). DTI was acquired with a peripherally gated echo-planar imaging sequence with echo time (TE) 121.1 milliseconds, repetition time (TR) 9 R-R intervals on EKG, and maximum strength of diffusion gradients 22 mT/m. In-plane resolution was 1.875 ϫ 1.875 mm. Fifteen to 18 nearaxial 5-mm slices with 1-mm gap provided coverage of supratentorial structures in all subjects with a scan time of approximately 4 to 7 minutes. Twenty-eight images were acquired at each slice position with a scheme of diffusion gradient directions optimized for white matter: 21 Twenty-five images acquired with a b factor of 1,000 s/mm 2 and diffusion-encoding gradients evenly distributed in three-dimensional space and three images were acquired without diffusion weighting. An axial fluid-attenuated inversion recovery sequence (TE 135 milliseconds, TR 9,500 milliseconds) was performed and used to calculate total lesion volumes. Multiple contiguous 3-mm slices were prescribed in a true axial plane to provide complete brain coverage. In-plane resolution was 0.86 ϫ 0.86 mm.
Voxel-based correlational analysis. For each slice position, analysis of the DTI data produces mean diffusivity, FA, and T2weighted images, which are identical in anatomic position. The first step in image processing involved stripping of the skull and dura using an automated algorithm 22 (Brain Extraction Tool; Oxford Centre for Functional Magnetic Resonance Imaging of the Brain; http://www.fmrib.ox.ac.uk/fsl/bet/index.html). For each subject, the T2-weighted images were then fitted to a symmetric echo-planar MRI brain template using a 12-parameter, affine normalization algorithm from Statistical Parametric Mapping 23 (SPM 99, Functional Imaging Laboratory, Institute of Neurology, University College London, UK; http//www.fil.ion.ucl.ac.uk/spm). A symmetric echo-planar template was used. An identical transformation was then applied to the mean diffusivity and FA images. This was repeated for all subjects so that a full set of DT images was produced, all fitted to an identical template. All of the normalized images were reviewed visually to ensure that there were no obvious registration errors. The normalized images were then smoothed using an isotropic Gaussian filter (full width half maximum 4 mm). This process reduces the impact of small errors in registration by recalculating the intensity at each voxel based on a weighted mean of intensity at that voxel and surrounding voxels.
Correlation coefficients were calculated between DTI measurements and each of the cognitive measures at every voxel within the brain across the study group. A significance threshold of p Ͻ 0.001 was used before correction for multiple comparisons. Correction for multiple comparisons was performed based on the size of a cluster of contiguous "significant" voxels, which is a standard approach in Statistical Parametric Mapping. The basis of this approach is that if voxels are significant by chance, it is most likely that they will be evenly spread throughout the brain. As a cluster increases in size, it becomes less likely that all of the voxels in the cluster are "significant" by chance alone. 24 A significance level for the whole cluster of 0.05 was adopted after this correction.
Initially, the composite measure for executive function was correlated with both mean diffusivity and FA. Mean diffusivity correlated most strongly and was therefore chosen to perform subsequent correlation analyses with individual tests. The analyses were repeated with age and premorbid IQ as covariates.
Two procedures were performed to eliminate the effects of CSF contamination. First, all clusters were displayed on a set of T2weighted images generated from the mean intensities across the whole subject group. Clusters not falling wholly within the brain parenchyma were excluded. Second, scatter plots were generated for all significant clusters, and the clusters were rejected if outlier values due to CSF contamination were identified (mean diffusivity greater than 1.75 ϫ 10 -9 m 2 /s).
Locations of significant correlations were established by crossreference with the stereotaxic atlas of Talairach and Tournoux. 25 For peripheral subcortical clusters, not clearly located within a white matter tract depicted in the atlas, their position was recorded with reference to the adjacent cortical region.
Results. The characteristics of the subjects are shown in table 1. None of the subjects had language, attentional, or visual deficits that would have interfered with cognitive testing.
Executive function. Table 2 shows the sites where significant correlations were found between the executive function score and mean diffusivity or FA. In the left cingulum bundle and adjacent to the left precuneus, significant correlations were found with both mean diffusivity and FA. Correlations were stronger and more extensive for mean diffusivity, and a number of additional sites showed correlations between executive function and mean diffusivity only.
To explore these relationships in more detail, correlational analyses were performed for each individual executive test and mean diffusivity. Figure 1 shows the sites where significant correlations were found and tables 3 to 5 provide the SPM99 statistical data. Significant correlations were found only for the "executive" parts of the individual tests. No sites of significant correlation were identified for the nonexecutive control condition (Part A) of the Trail Making Test or for Digit Span Forwards.
There was evidence of anatomic overlap between the regions for different executive tests. A large cluster in the left cingulum bundle was common to Trail Making B-A and Digit Symbol (figure 2), whereas a region of white matter near the left inferior frontal gyrus was a site of significant correlation for both Digit Span Backwards and Trail Making B-A.
Memory. There was no overlap between the regions correlating with verbal memory and those correlating with executive function. For paired associate learning, highly significant clusters were found in the striatum only, bilaterally in the putamina, and in the head of the left caudate nucleus (left putamen T 5.92, p Ͻ 0.001, right putamen T 5.00, p ϭ 0.007, left caudate T 5.07, p Ͻ 0.001).
Effects of age and premorbid IQ. The correlation analyses were repeated entering both age and premorbid IQ as covariates (see tables 3 to 5). Significant, independent correlations were identified adjacent to the right dorsolateral prefrontal cortex and left inferior frontal white matter for working memory and within the left cingulum bindle for Digit Symbol.
Effect of T2-weighted lesion load. Voxel-by-voxel correlations were also recalculated with lesion volume as a covariate. This did not alter the anatomic pattern of correlations significantly. For Digit Symbol, the correlations in the left cingulum bundle and right cingulum bundle remained highly significant (T 6.87, corrected p Ͻ 0.001; T 5.67, corrected p ϭ 0.001, respectively). For Trail Discussion. Executive performance was found to correlate with mean diffusivity in a distributed network of sites in the frontal white matter and the major anteroposterior fasciculus of the cingulum bundle, which connects the frontal lobe with more posterior cortical regions including the hippocampal formation. This pattern of correlation was specific for executive function as a different and distinct pattern of correlation was seen for verbal memory. Although all executive tasks necessarily have some nonexecutive aspects, we found no significant sites of correlation with the nonexecutive control conditions of these tasks. For example, Trail Making A has similar requirements for visual scanning, number sequencing, and motor function as Trail Making B but differs in the need to shift between cognitive sets or rules, and no correlations were found between mean diffusivity and Trail Making A. Similarly, Digit Span Forwards differs from Digit Span Backwards in the demand upon working memory, but no significant sites of correlation were seen for Digit Span Forwards. As a starting point for this study, the pattern of correlation was assessed with a composite score for executive function that had been found to correlate with DTI in a previous region of interest-based analysis. 16 However, the concept of executive function is broad and encompasses a range of processes, which may have different underlying anatomy, so that the interpretation of such a composite score becomes more difficult at a more detailed anatomic level. The composite score was made up of measures of cognitive set shifting and verbal working memory, and in the analysis of the individual tests, differences in the anatomy of these aspects emerged. No region was found to be common for all three tasks, though a common cluster was shared by both set-shifting tasks.
One robust finding of this study was a correlation for both cognitive set-shifting tasks between performance and mean diffusivity within the left cingulum bundle (see figure 2 ). This is an intriguing finding as anatomic tracer studies in primates have demonstrated that the cingulum bundle provides a major white matter connection between the dorsolateral prefrontal cortex and more posterior regions. 26 Tracer injections from the middorsolateral prefrontal cortex-but not other prefrontal regions-were carried posteriorly within the cingulum bundle before terminating in the retrosplenial cortex, posterior presubiculum, and the parahippocampal gyrus. In humans, lesions both anteriorly in this system, in the dorsolateral prefrontal cortex, and at its posterior pole in the parahippocampal region can produce deficits of working memory performance. 27 Functional imaging studies of executive tasks also often show activation of posterior regions in addition to areas of the prefrontal cortex. 28, 29 Our results suggest that disruption of the connections between the anterior and posterior parts of this network-within the cingulum bundle-may be a mechanism of executive dysfunction in white matter disease.
Verbal working memory tasks preferentially acti-vate the left hemisphere, 30, 31 and this asymmetry in cortical activation was reflected at the white matter level in the current study, with clear asymmetry and more significant clusters in the left hemispheric white matter for Digit Span Backwards. 32 Studies of the verbal component of working memory, and more specifically the "articulatory loop" that forms part of the working memory apparatus, have revealed activations in left hemisphere regions associated with language such as the supramarginal gyrus and Broca area. 33 The site of correlation identified in the white matter adjacent to the left inferior frontal gyrus (Brodmann area 44) could represent white matter connections between Broca area and other components of the "articulatory loop." The distribution of correlations was not altered by co-varying for total lesion volume on T2-weighted images, suggesting that this anatomic pattern reflects the importance of the underlying white matter structures, not the distribution of visible lesions. Indeed, DTI changes both within 9 and outside visible T2-weighted lesions 16 have been shown to correlate with cognitive measures, which is consistent with this interpretation. Many of the correlations were no longer significant when age and premorbid IQ were added as covariates, though significant independent correlations were still observed in the left cingulum bundle for Digit Symbol and left inferior frontal and right dorsolateral prefrontal regions for working memory. Age is a potential confounder because agerelated cognitive changes have been shown to correlate with DTI. However, simply using age as a covariate is likely to be excessively stringent as this also removes the effect of disease progression in CADASIL with increasing age. The appearance of additional significant clusters present only in the covaried models for working memory is likely to reflect the fact that performance on this test was particu- Although we were able to demonstrate correlations within some major white matter structures like the internal capsule, cingulum bundle, and superior and inferior longitudinal fasciculi, in many cases, the exact white matter fibers involved and their origins and destinations were obscure. Diffusion tensor MRI is the first technique to reveal the architecture of white matter in vivo, and interpretation is hampered by the fact that the level of detail offered by DTI is not matched by existing anatomic atlases, which include little detail about white matter structure. Advances in the analysis of DT images such as the development of fiber-tracking techniques 34, 35 should allow better identification of the connections involved and allow us to interpret correlations at particular sites within the context of reconstructions of important fiber pathways. Improvements in the spatial resolution of DTI and in the co-registration of DT images should also help to localize important connections more precisely. Current technical limitations are also likely to account for the lack of correlation with FA for many of the sites. FA varies much more voxel to voxel than does mean diffusivity, so small errors in image registration are likely to have a greater effect in attenuating any correlations. FA is thought to be particularly well suited to assessing change within coherent white matter tracts, so with development of the techniques, this measure may well provide important additional information.
This study supplements previous DTI studies in CADASIL by adding a new level of anatomic detail to the relationship between white matter damage and cognitive dysfunction. The observation of a network of white matter regions that correlated specifically with executive performance is likely to provide clues to the neural circuitry involved in these processes. The insights provided by DTI will complement those from functional imaging. Although CADASIL is relatively rare, it provides an attractive disease model that should help us to improve our understanding of the mechanisms of cognitive impairment in common diseases such as subcortical vascular disease. 
